SUMMARY We measured transpulmonary indicator dilution
curves of "Cr-erythrocytes, "'I-albumin, "4C-urea, and 'H-water before and six and 24 hours after operation in seven patients undergoing aertocoronary bypass (ACB) and eight patients undergoing mitral valve replacement (MVR). We calculated cardiac output (CO), extravascular lung water (EVLW), the difference between 125.1-albumin and "Cr-erythrocyte distribution volumes (EV albumin), the difference between "4C-urea and "Cr-erythrocyte distribution volumes (EV urea) and "4C-urea extraction (E) Animal studies suggest that both labeled red cells and a plasma tag should be used as intravascular indicators when lung water is measured by indicator dilution,'" 1' but most human measurements have been done with only a plasma tag.
To determine the importance of using both a red cell and a plasma label as intravascular indicators in estimating lung water content, and to test the feasibility of using indicator methods to evaluate lung vascular integrity, we measured indicator dilution curves for "Cr-erythrocytes, "261-albumin, '4C-urea and 'H-water across the pulmonary circulation during the perioperative period in one group of patients undergoing aortocoronary bypass and another group undergoing mitral valve replacement. Methods We studied seven patients undergoing aortocoronary bypass for arteriosclerotic coronary disease and eight patients undergoing prosthetic mitral valve replacement for either mitral stenosis, insufficiency or both. Patients less than 20 years old were excluded from consideration. Informed consent was required, but no other selection criteria were imposed.
Anesthesia was induced with 1-1.5 mg/kg morphine sulfate and 200-250 mg sodium pentobarbital given intravenously and patients were intubated and ventilated with 50% nitrous oxide. Fluothane, 0.5-1%, was given during the operation only when systolic blood pressure was greater than 150 torr. Extracorporeal circulation was maintained with a nonocclusive roller pump and a bubble oxygenator (Temptrol R). The prime consisted of 2000 ml of Ringer's lactate solution and 500 ml of blood in acid-citrate-dextrose solution. Perfusion rates averaged 2.21 L/min X m2 body surface area. During cardiopulmonary bypass, the lungs were kept inflated at 5-10 torr inflation pressure with 100% oxygen. During extracorporeal circulation body temperature was reduced to 30°C by a heat exchanger in the arterial circuit and rewarming was completed prior to discontinuing bypass. Three studies were attempted in each patient at specific times before and after operation. The first study was done in the operating room, after the patient was anesthetized, but before the skin was incised. The second and third studies were done six hours and 24 hours respectively after the operation was completed. All patients were mechanically ventilated with a positive pressure ventilator during the preoperative and six hour postoperative studies. The studies at 24 hours after surgery were done with an endotracheal tube in place but with the patient breathing spontaneously.
We used four radioactively labeled indicators. Intravascular indicators were "Cr-erythrocytes, and '25l-albumin. '4C-urea was used as a permeability indicator and 3H-water was used to estimate lung water content. "Cr-erythrocytes were prepared by incubating 15 ml of the patient's blood anticoagulated with acid-citrate-dextrose solution overnight with 3052Ci "Cr-chromate. Less than 10% of the label remained in the supernatant. Immediately before each study, 10,gCi 'l25-human serum albumin, 40MCi '4C-urea and 45,Ci 3H-water were added to 5 ml of the labeled blood. For each study, we injected 3.0 ml of the radioactive mixture as a bolus through a central venous catheter and collected 30 arterial blood samples at 1.5 sec intervals by allowing blood to flow from a radial artery catheter (catheter volume = 0.2 ml) into heparinized tubes on a precisely timed rotating disc. We measured radioactivity in 0.5 ml aliquots of each blood sample and in 0.5 ml aliquots of the injected mixture diluted 1/51 in the patient's blood drawn before the study. "Cr and "'I activity were measured in a gamma scintillation spectrometer (Packard Tricarb Model 3002, Packard Instrument Co., Downers Grove, Illinois), and after ethanol precipitation, 'H and '4C activity were measured in a liquid scintillation spectrometer (Packard Tricarb Model 1312, Packard Instrument Co., Downers Grove, Illinois). We corrected for overlap of "Cr into 125I and of '4C into 'H.
We plotted the radioactivity for each indicator in each arterial blood sample relative to the activity of the indicator injected on a log scale against time after injection on a linear scale and extrapolated the downslopes linearly. Cardiac output was calculated as the inverse of the area under the "Cr curve. Mean transit times for each indicator were calculated as described by Chinard, Enns, and Nolan.'3 A composite intravascular mean transit time of "Cr-erythrocytes and '25I-albumin was calculated by the formulas of Goresky, Cronin, and Wangel'2 using hematocrit measured at the time of each study and assuming the fractional water content of plasma equal to 0.91 and the fractional water content of whole blood equal to 0.81 (these are average values for 19 studies in which we measured water content of plasma and blood as described below). To calculate extravascular lung water, the difference between the mean transit time of 3H-water and the composite intravascular mean transit time was multiplied by cardiac output and by 0.81 (fractional water content of whole blood)."2 Excess albumin volume is the product of cardiac output and the difference between "25I-albumin and "Cr-erythrocyte mean transit times. These calculations are identical to those previously described.'0 We calculated '4C-urea extraction and permeability-surface area products by the formulas of Crone'4 using the differences between urea and a composite intravascular curve from appearance to the peak of the curves. The composite intra vascular curve was calculated from '25I-albumin and "Cr-erythrocyte values by the formulas of Goresky and associates."2
To determine the effect of assuming a constant blood and plasma water content on the extravascular water calculation, we measured the fractional water content of whole blood and plasma in each of 19 studies. In these studies, we collected a sample of blood just prior to indicator injection and determined the water content by drying aliquots of whole blood and plasma to constant weight in a 70°C oven.
Serial measurements in the same patients were compared using a paired t-test and measurements between groups were compared using a t-test for independent groups."
Results
The numbers of successful studies in each group at each study time were similar in the two groups as shown in table 1. Figure 1 shows preoperative and six hour postoperative studies in one patient undergoing aortocoronary bypass and in one patient undergoing mitral valve replacement. The (sec ) 6 HOURS AFTER SURGERY curves are typical of those in other patients. In aortocoronary bypass patients, the 14C-urea indicator curve fell between the curves for 51Cr-erythrocytes and '251-albumin, while in mitral valve replacement patients, the '4C-urea peak was lower than that of albumin, and the downslope was slower than for either intravascular indicator. Pre-and postoperative studies were similar in both groups. Tables 2 and 3 The ratio of excess urea volume to excess albumin volume is shown for each study time in figure 5 . The ratio consistently averaged less than 1.0 in the aortocoronary bypass group and greater than 1.0 in the mitral group. The variability of this value was large in the latter group, especially in the preoperative studies. The difference between the groups was significant before (P < 0.05) and six hours after (P < 0.05) surgery.
There were no significant differences between pre-and postoperative "4C-urea extractions and permeability-surface area (PS) products in either study group. showed that the mean transit time volume of urea did not exceed that of albumin, either under baseline circumstances or when lung vascular pressures were acutely elevated enough to produce severe pulmonary edema. However, when pulmonary edema was produced by increasing vascular permeability with alloxan, the distribution volume of urea exceeded that of albumin.10 Extraction and permeabilitysurface area products for '4C-urea calculated by the method of Crone"4 also increased in alloxan edema, but did not increase in high pressure edema. In the present studies, the relationships of '4C-urea transpulmonary indicator curves to those of intravascular indicators were different in patients undergoing mitral valve replacement than in patients undergoing aortocoronary bypass. In the aortocoronary bypass patients the 14C-urea curves fell between the curves for 125I-albumin and 55Cr-erythrocytes. However, in mitral valve replacement patients, the '4C-urea curves had a lower peak and more shallow downslope than either intravascular indicator. These differences are reflected in both mean transit time volume calculations and calculations of '4C-urea extraction.14 The relationship between urea and albumin mean transit time volumes in the group of patients having aortocoronary bypass was similar to that which we saw under baseline conditions in dogs. Urea volume tends to be slightly less than that of albumin because urea distributes in both red cells and plasma. Since red cell transit time is shorter than that of plasma,'9 the effect is to shorten urea mean transit time and thus make its mean transit time volume smaller than that of albumin if it does not leave the vascular space.
The ratio of urea volume to albumin volume was greater than 1.0 in the mitral valve replacement patients both before and after surgery, and was significantly greater than that of the aortocoronary bypass patients. This is the kind of effect we saw with increased permeability but not with acute large elevations of pulmonary vascular pressures in the dog experiments.10 If a substantial amount of urea leaves the vascular space during a single transit through the lung, it washes out more slowly than the intravascular indicators and thus its mean transit time is longer and its mean transit time volume is larger. In the kidney, where urea readily crosses capillary walls, it has been suggested that the distribution volume is limited by a slow urea-red cell equilibra- LUNG EXTRAVASCULAR WATER VOLUME(Iml) FIGURE 6 Relationship between extravascular lung water calculated from indicator dilution curves using both red cell and albumin as intravascular indicators and the measured blood and plasma water content (corrected lung extravascular water volume") and lung water calculated using only albumin as the intravascular indicator and neglecting the water content of blood (lung extravascular water volume) in 19 studies in eight patients. The two values correlate extremely well.
tion (half time of about 0.3 sec) relative to capillary transit time, so that some urea is effectively "trapped" in red cells. 20 This problem has been investigated recently by others. 21 22 Based on estimates of lung capillary transit time from morphological data in dogs (estimated capillary transit time 0.8 sec), 22 we have argued that red cell trapping should not substantially influence urea extraction and mean transit time in dogs.'0 Ziegler and Goresky have proven that red cell trapping of urea does not occur in the heart by demonstrating that the urea outflow curve was similar whether perfusion was with whole blood or erythrocyte free plasma.24 Any red cell trapping effect in our experiments would make the mean transit time volume an underestimate. The downslope extrapolation may exclude some of the urea indicator, as suggested by a recovery lower than for intravascular indicators, and this would also make the mean transit time volume lower than the actual distribution volume. It is possible that chronic elevations in pulmonary vascular pressures in humans where capillary surface area is larger than in dogs results in such a long capillary transit time that urea is able to leak out in a single pass through the circulation although permeability is not altered. Calculations of '4C-urea extraction by an upslope difference technique showed higher urea extraction in mitral valve replacement patients than in aortocoronary bypass patients. There was no difference in urea permeabilitysurface area (PS) products between the groups. However, when PS was normalized to flow, the values in the mitral valve replacment group became significantly higher (table 4). These calculations suggest that the differences in the urea curves between study groups were caused by differences in cardiac output, which tended to be lower (and thus capillary transit time longer) in mitral valve replacement patients, rather than by differences in capillary permeability or sur- of indicator excluded by downslope extrapolation. As discussed by others,27 this may help explain why indicator estimates of lung water are always lower than postmortem measurements. 28 Because of these problems, the changes in lung water measured by indicator dilution following cardiac surgery cannot be assumed to indicate true changes in lung water content unless verified by more direct methods. In fact, in all circumstances in which indicator methods are used to measure lung water, the problem of possible underestimation of actual lung water content must be carefully considered.
Goresky, Cronin, and Wangel12 have presented theoretical and experimental data showing that when extravascular lung water volume is calculated from indicator dilution curves, the intravascular transit time should be a composite of red cell and albumin transit times, weighted for hematocrit and the relative water content of red cells and plasma, and that instead of whole blood flow, water flow (whole blood flow X fractional water content of blood) should be used in the calculation. Our studies in dogs showed that especially when pulmonary vascular pressureswere elevated by inflating a balloon in the left atrium, there were large differences between extravascular water calculated using the corrected formulas and that using only albumin as the intravascular indicator.10 Although this problem has been recognized by investigators making measurements in humans, 23 26 there has been no data available to determine the magnitude of the error resulting from the use of a single intravascular indicator. Because of the additional radioactivity and more complicated analysis, albumin alone has been used most often in human studies.3 '6, 23, 26 We measured all of the variables in Goresky's formulas in 19 human studies, and found an excellent correlation between lung water calculated in the usual way and that calculated from the corrected formulas. The main difference in the two values is due to the correction for water flow as opposed to whole blood flow. The patients studied in this way had a broad range of water volumes, hematocrits, and cardiac outputs, and we think it reasonable to assume that the comparisons are representative of human studies in general. If desired, the equation for the relationship shown in figutre 6 can be used as a correction factor for extravascular lung water calculations made in the usual way. The additional radioactivtty and difficulty involved in using two intravascular indicators is probably not justified for the measurement of extravascular lung water in humans.
We conclude from these studies that in patients undergoing aortocoronary bypass the behavior of urea in a single pass across the lung circulation is similar to that in normal dogs, that is, calculated urea distribution volume is slightly smaller than that of albumin. However, in patients undergoing mitral valve replacement, Irea behaves differently. This difference is reflected in a urea mean transit time volume larger than that of albumin and in a higher urea extraction in these patients. Calculations of permeability-surface area products suggest that the differences may be due to a lower cardiac output in mitral valve replacement patients, but further studies are necessary to determine whether the differences in urea relative to intravascular indicators in mitral valve replacement patients are entirely a result of hemodynamic differences. We saw no evidence that cardiopulmonary bypass increased lung vascular permeability. Lung water measured by indicator dilution appears to decrease early in the postoperative period after cardiac surgery regardless of the type of surgery or the preoperative clinical cardiac status.
We demonstrated that the error in extravascular lung water calculations introduced by using only albumin as the intravascular indicator is constant over a wide range of cardiac outputs, hematocrits, and lung water volumes, and we presented a relationship which can be used to correct the usual calculations for this error.
